Previous studies of microbial Fe(III) reduction have focused primarily on freshwater environments. Studies with pure cultures, enrichment cultures, and natural populations of microorganisms living in freshwater aquatic sediments and aquifers have led to the development of a model for how complex organic matter is oxidized to carbon dioxide with Fe(III) as the electron acceptor (38) . In this model, fermentative bacteria metabolize fermentable compounds such as sugars and amino acids to primarily acetate and H2. The acetate is oxidized to carbon dioxide by Fe(III) reducers with a metabolism similar to that of isolates Geobacter metallireducens (41, 47, 52) and strain 172 (40) . Shewanella putrefaciens (51) and Pseudomonas sp. (4) serve as pure culture models for the oxidation of H2 coupled to Fe(III) reduction.
Oxidation of organic matter coupled to Fe(III) reduction is also an important process in marine and estuarine sediments (1, 15, 26, 30, 45, 59, 61) . Although there is the potential for nonenzymatic reduction of Fe(III) by sulfides in marine sediments (8, 28, 58) , in many instances enzymatic Fe(III) reduction appears to be the predominant pathway for Fe(III) reduction. For example, geochemical data demonstrate that sulfate reduction is not involved in the reduction of Fe(III) in a wide variety of marine sediments (38) . Furthermore, inhibition of sulfate reduction did not inhibit Fe(III) reduction in marine and estuarine sediments or enrichment cultures (15, 46, 59, 67) .
If the metabolism of organic matter in marine sediments in which Fe(III) reduction is the predominant terminal electron accepting process is comparable to what has been proposed for similar freshwater environments, then Fe(III)-reducing microorganisms which can oxidize important fermentation products such as acetate and H2 are likely to play an important role in Fe(III) reduction. Recently, an H2-oxidizing Fe(III)-reducing microorganism capable of growing at marine and estuarine salinities was recovered from estuarine sediments (13) . However, this organism, designated strain BrY, had a limited ability to metabolize organic compounds with Fe(III) as the electron acceptor. It could not oxidize acetate and only incompletely oxidized lactate to acetate and carbon dioxide.
Phylogenetic analysis on the basis of 16S rRNA sequences has indicated that the closest known relative of the freshwater acetate-oxidizing Fe(III) reducer G. metallireducens is the marine isolate Desulfuromonas acetoxidans (41) . D. acetoxidans was the first organism found to conserve energy to support growth by oxidizing acetate to carbon dioxide under anoxic conditions (56) . It was previously most noted for its ability to couple the oxidation of acetate to the reduction of S°. However The poorly crystalline Fe(III)-and Mn(IV)-oxides were synthesized as previously described (44, 47) .
Anaerobic pressure tubes (10-ml cultures) or glass serum bottles (100-ml cultures) of medium were bubbled with N2-CO2 (80:20) for at least 6 or 16 min, respectively, before being capped with thick butyl rubber stoppers, sealed with an aluminum crimp, and autoclaved for 30 min at 120°C. The pH of the medium after autoclaving was 7.0 to 7.2.
G. metallireducens was cultured in the previously described defined medium (47) . The medium contained acetate (20 mM) as an electron donor and poorly crystalline Fe(III)-oxide (ca. 100 mmol/liter), ferric citrate (50 mM), NaNO3 (20 mM), or colloidal So (10 mM) as an electron acceptor.
Colloidal S0 was synthesized as described previously (9) .
For both organisms, cultures were initiated with a 10% inoculum and the cells were grown in the dark at 30°C.
Cell suspension experiments. In order to determine whether D. acetoxidans could reduce Fe(III), cells grown in acetate-malate medium were collected by centrifugation (7,520 x g, 10 min, 4°C) under N2-CO2, resuspended in anaerobic marine bicarbonate buffer (NaHCO3, 30 mM; NaCl, 342 mM; MgCl2, 14 mM; and CaCl2, 68 mM, pH 7.1), centrifuged again, and then resuspended in ca. 5 ml of marine bicarbonate buffer. An aliquot (0.4 to 0.75 ml) of the cell suspension was added to anaerobic marine bicarbonate buffer (10 ml) in a serum bottle (25 (44) by measuring the accumulation of HCl-soluble Fe(II) over time with Ferrozine. Fe(III) was determined by reducing Fe(III) to Fe(II) with hydroxylamine. Mn(II) and Mn(IV) were determined as described previously (47), with the exception that the formaldoxime colorimetric method (10) rather than atomic absorption spectrophotometry was used for manganese determinations. Sulfide levels were determined with the methylene blue method (18) . Acetate concentrations were determined with high-pressure liquid chromatography as previously described (48) (Fig. 3A) . There was an increase in cell numbers during the first few days of incubation, but after the 4th day, cell numbers remained roughly constant, while Fe(II) production and acetate consumption continued. The ratio of Fe(II) production to acetate consumption (7.6) (Fig.  3B) (Fig. 4) . In addition to ethanol and acetate, propanol and pyruvate served as electron donors for Fe(III) reduction (Fig. 4) . Butanol alone did not stimulate Fe(III) reduction, but butanol combined with succinate supported Fe(III) reduction at a rate comparable to that occurring with acetate or pyruvate. This result is similar to the previously reported requirement of succinate as a carbon source to support butanol reduction of So (56) .
D. acetoxidans also grew in acetate-Mn(IV)-oxide medium that did not contain yeast extract (Fig. SA) . The increase in cell numbers was associated with acetate consumption and Mn(II) production. As previously observed with growth of G. metallireducens on Mn(IV) (47), a white MnCO3 precipitate (rhodochrosite) was formed during Mn(IV) reduction. The ratio of Mn(II) production to acetate consumption (3.4) (Fig. SB) is consistent with the stoichiometry expected for acetate oxidation to carbon dioxide with Mn(IV) as the electron acceptor (Table 1 , reaction 3), assuming that some acetate was incorporated into cell material. There was no cell growth or acetate consumption in medium without Mn(IV).
Magnetite and siderite formation. Less than 3% of the Fe(II) that was produced from Fe(III) reduction was present (64, 65) and by assuming standard conditions except for pH 7. b Free energy calculated from the standard free energies of formation of the products and reactants (pH 7) and by assuming the following substrate concentrations after 50% of an initial 5 x 10-3 mol of acetate per liter of culture medium had been oxidized: acetate, 2.5 x 10-3 M; HCO3-, 29 x 10-3 M. The initial HC03-concentration in the culture medium was assumed to be 24 x 10-3 M.
c HS-and H2S concentrations were assumed to be 5.75 x 10-3 M (the initial sulfide concentration in reduced media was 1.5 x 10-3 M). d Malate2-and succinate2-concentrations were assumed to be 10 x 10-3 M (the initial malate concentration was assumed to be 20 x 10-3 M).
e HCO3-and S042-were assumed to be 25 x in a form that would pass through a 0.2-,um-pore-diameter filter prior to acidification. This indicated that most of the Fe(II) products of Fe(III) reduction were predominantly insoluble Fe(II) phases. This is consistent with the observation that Fe(III) reduction did not dissolve the Fe(III)-oxide but rather converted it to a black, magnetic precipitate (Fig.  6 ). X-ray diffraction analysis indicated that the precipitate contained magnetite (Fe304) as well as siderite (FeCO3). This is similar to the production of fine-grained magnetite and siderite that is observed when G. metallireducens is grown in a bicarbonate-buffered medium (62) .
Salt requirement. D. acetoxidans reduced Fe(III) in acetate-Fe(III)-oxide medium with salt levels that were 25% of those in seawater (i.e., with 0.6% NaCl and 0.3% MgCl2) (Fig. 7) . D. acetoxidans also grew in acetate-malate over the same range of salinities (data not shown). The minimum salt requirement for growth of D. acetoxidans found in this study is 2.5-fold lower than previously reported (56 Fe(III) and Mn(IV) that were added to the medium ai predominant Fe(II) and Mn(II) products.
These calculations indicate that the potential energy from acetate oxidation coupled to Fe(III) or Mn(IV) tion (Table 1 , reactions 1 through 3) is greater than tha acetate oxidation coupled to other electron acceptors as S°and malate (reactions 4 and 5) which were prev shown to support the growth of D. acetoxidans (56) . given D. acetoxidans' ability to reduce Fe(III) and M it is not surprising that it can conserve energy to st growth from this metabolism. However, the growth ra Fe(III) and Mn(IV) reported here are significantly s than with S°(56). A possible explanation for this i although both So and Fe(III) are considered to be insc in the presence of sulfide, S°is solubilized as polysi which may be the direct electron acceptors (9, 14) .
D. acetoxidans has several similarities with other isms which conserve energy to support growth from d ilatory Fe(III) and Mn(IV) reduction. c-type cytochrc appears to be involved in electron transport to Fe(II Mn(IV) in G. metallireducens (41) and possibly in S. faciens (3, 23, 55) . Recent studies have demonstrate cytochrome C3 can function as a terminal Fe(III) and reductase in Desulfovibrio vulgaris (36) . D. acetoxida. a triheme C7 cytochrome which bears some similarities to the tetraheme c3 cytochrome of D. vulgaris (24, 57 (34) . It has been suggested that magnetite ATE formation in anaerobic marine sediments could result from the activity of magnetotactic bacteria (7, 34) . However, magnetite formation during dissimilatory Fe(III) reduction is an alternative explanation (37, 52) . The (6, 19, 20, 22, 26, 68) . potential to reduce Fe(III) because of its close phylogenetic (III) reduction is the relationship with G. metallireducens. These results emphang process, acetate is size the potential utility of phylogenetic analyses in suggestis in sulfate-reducing ing novel metabolic capabilities in organisms previously :s (48) . Acetate is also isolated for other properties. However, more direct studies
[fate-reducing marine on the microbial communities in marine sediments in which that acetate is also a Fe(III) or Mn(IV) reduction is the predominant terminal mineralization in maelectron accepting process are required in order to fully (IV) reduction is the understand the processes and microorganisms involved in ting process. Thus 
